ABSTRACT Low-cost and versatile radio frequency identification (RFID) tag for bottle labeling is in great demand with the rise of self-service stores. Especially, robust performance is of great importance when the tag is needed to be attached on different liquid products. This paper proposed a versatile and flexible ultra-high frequency RFID tag for liquid products with glass bottles. The tag antenna is based on a simple loop structure, which has a strong concentrated magnetic field. As opposed to conventional dipole-based RFID tags, the loop-based antenna is less affected by liquid. Simulations and measurements of the tag have been carried out in different application scenarios. Significant factors, such as installation position, liquid amount and type, bottle shape, and thickness, have been investigated to find out their influences on the proposed tag. According to the simulation and experimental verification, the performance of the tag is robust despite changes of the significant factors, and specifically, the tag antenna keeps well matched around the FCC band and the reading ranges remain 1.6-2.5 m in multiply application scenarios. This makes the proposed tag versatile and feasible for a variety of liquid products with glass bottles in self-service stores.
I. INTRODUCTION
In recent years, an increasing number of retailers are betting on self-service stores [1] , which increases the demands for labeling to keep up with the requirements of sales, verification, anti-theft, inventory, real-time tracing, etc. To increase the identification efficiency, RFID (Radio Frequency Identification) technology is widely employed, which enables target recognition and relevant data acquisition through radio frequency signals [2] . In an RFID system, the tag antenna is a vital part, whose performance is usually severely affected by the target objects and the environments [3] , especially when it comes to metal and liquid applications. Up till now, on-metal tags have been studied and commercialized [4] - [7] . By contrast, researches on liquid applications, such as bottle labelling, are limited.
Bottle labelling has been widely used in inventory, sales and verification of wine [8] . However, current tags for bottle labeling are always bulky, as shown in Fig. 1 , meanwhile they often work only in a short distance, which is insufficient for inventory and real-time tracing. Hence, liquid-mounted RFID tags with low cost, high and robust performance are highly required.
Tags for bottle labelling mainly are normally attached on bottle body [9] , [10] , bottle neck [11] or packaged in bottle cap or cork [12] , [13] . Dipole-based tag is the most popular antenna type for bottle labelling on body. However, they suffer from great degradation in reading range when in proximity of liquid [9] , [10] due to the absorption. Some of the dipole-based tag could only operate well with certain liquid. The tag antenna becomes mismatched when attached on target bottle with other kinds of liquid, which leads to a dramatical decrease in the reading range.
For most on-neck tag designs, the maximum level of the liquid is assumed to be below the bottle neck, so that the liquid has little effect on the tags [11] . However, the bottle could be placed flat or upside down during the delivery, and the liquid level of a full bottle also varies. In view of this, the presence of liquid in the neck should not be neglected, where severe absorption and impedance mismatching problems could occur.
As mentioned above, the in-cap/cork tags seem to be the optimal solution for bottle labelling, as they are less affected by the liquid and have much longer reading ranges [12] , [13] . Yet those bottle caps or corks should be specially fabricated, which results in higher cost and more complicated installation. The specially-made caps or cork stoppers also have a very limited scope of application.
In this work, we propose a versatile UHF RFID tag to be attached on the bottle neck. As opposed to the conventional designs, the tag is suitable for most glass bottles, various liquid types and levels. The low-profile tag, with a size of 70 mm × 30 mm × 3 mm, is conveniently wrapped around the bottle neck. Despite different amount and types of liquid in the bottle, the performance of the proposed tag is robust for different scenarios in terms of working frequency and reading range.
II. ANTENNA DESIGN A. MECHANISM AND ANALYSIS
To design a RFID tag suitable for bottle labelling, the influence of the liquid in the bottle is critical. The influence of the liquid is mainly determined by the near fields of the tag antenna, especially at the interfaces. According to Ampere's Law, a small loop has strong magnetic fields inside, leading to a much lower induced current in the liquid [14] . Therefore, we adopt a loop antenna to reduce the influence of the liquid, with its axial plane perpendicular to the surface of liquid.
To verify the idea, the performances of a dipole antenna and a loop antenna above the surface of the same liquid are compared in the simulation. The liquid is modeled as a cube made of distilled water, with a dimension of 400 mm (length along y axis) × 200 mm (width along z axis) × 200 mm (height along x axis). In Fig. 2 , the blue cube only shows a small part of water. Both the dipole and the loop antenna are placed horizontally above the liquid surface. The dipole antenna is a meandered dipole with a T-match structure, as in many common RFID tags [15] - [17] . The loop antenna is low-profile with a height of 3 mm. The dipole and loop antennas have similar overall lengths of around 100 mm and both of their impedances of are conjugately matched to the impedance of Impinj Monza 4 Chip (11-143j Ohms) [18] in the simulation. The bottom of the loop is placed 2 mm above the water surface, this distance is referred to the minimum thickness of a regular glass wine bottle according to Chinese industrial standard. While the dipole antenna is placed 3.5mm above the water surface, which is the equivalent distance between the geometric center of the loop and the water surface. The simulated H fields of the diople and the loop in the same restricted box are shown in Fig. 3 . The box has a dimension of 400 mm × 200 mm × 7 mm with its bottom touches the top surface of water, the dipole/loop antenna is positioned in the center of the box. As in the figure, the majority of strong magnetic field of the loop is concentrated inside of the loop, which results in much weaker magnetic field into water. To make it more distinguishable, the simulation results of the H fields of the dipole and loop on the top surface of water are presented in Fig. 4 . It is obvious that the maximum magnetic field intensity of the loop is only about 1/3 of that of the dipole. Furthermore, the magnetic field of the dipole is distributed along the arms of the dipole, whereas the magnetic field of the loop only leaks from the lower edges of the loop. These results indicate that there is a much weaker magnetic field going into water from the loop, resulting in a much lower induced currents in water and thus less effect on the loop [19] . To demonstrate the inference, simulated radiation patterns of the dipole and the loop antenna placed in air and above water are compared and presented in Fig. 5 . The dipole antenna suffers from a gain degradation of 17.6 dB whereas the gain drop of the loop is only 10.7 dB. Since the gains shown in this figure are the total gains without considering the impedance matching of the antennas, the gain degradations are totally caused by the presence of water. It proves that the radiation efficiency of the loop will be much higher than that of the dipole with the existence of water.
The simulations demonstrate that the low-profile loop antenna is a better choice than conventional dipole-type antennas in liquid environment, therefore the proposed RFID tag for bottle labelling in this work will develop from the low-profile loop antenna.
B. ANTENNA CONFIGURATION
To improve the loop antenna to a desirable tag antenna for glass bottle labelling, some important points should be taken into consideration. As a bottle label, the tag should be lowprofile and flexible, therefore the low-cost flexible material silicon rubber with a relative permittivity of 2.8 and loss tangent of 0.004 is adopted as the substrate. The default thickness of silicon rubber on the market is usually an integer. For appearance and installation reasons, the thickness of the substrate should be limited. Since the tag is designed to be attached on the neck or body of the glass bottle, the overall length of the tag should not exceed the perimeter of the bottle neck and the width of the antenna should not exceed the length of the bottle neck.
Through selection of eligible parameters of the loop and simulations by the commercial software Ansoft HFSS, the impedance of the loop antenna could be adjusted to be roughly matched around FCC band (902-928 MHz). For fine adjustment of the loop, four identical open-ended meander-lines will be inserted at four corners on the top surface of the loop to provide more freedom for impedance tuning. The configuration of the tag is depicted in Fig. 6 . The substrate is made of flexible silicone rubber with a thickness of 3 mm. An Impinj Monza 4 RFID chip is placed in the middle of the gap on the top layer of the loop. The compact size of 70 mm × 30 mm × 3 mm enables the tag to be installed on either the neck or the body of a glass bottle. Meanwhile, the tag can be easily installed or uninstalled using appropriate support structure design, such as a belt clasp or buckle. This makes the tag replaceable and reusable, further reducing the cost of the proposed bottle labelling solution.
The parametric study is carried out to investigate the effect of the length of the meander-lines (l i ) on impedance matching of the proposed antenna, while other parameters keep unchanged. The simulation results are shown in Fig. 7 . It can be seen that with the lengthening of the meander-lines, VOLUME 6, 2018 the increase of the input reactance is more significant than the input resistance, which means the meander-lines could provide separate tuning of the input reactance. In this way, fine adjustment of the working frequency could be achieved. According to size requirements and parametric study results, the dimensions are determined as follows:
The simulation results of the planar proposed tag antenna in free space are given in Fig. 8 , including the PRC (Power Reflection Coefficient) [20] and the radiation pattern on the x-y plane. The operating frequency band (-3 dB bandwidth) of the tag is from 894 MHz to 928 MHz, with a center frequency of 910 MHz. The corresponding maximum realized gain at the central frequency is 0.4 dBi.
III. SIMULATIONS OF AFFECTING FACTORS
The proposed tag is expected to be installed on glass bottles, since the bottles made of glass are thicker and more stable than those made of plastics, which guarantees a smaller effect of the liquid inside. In addition, the glass bottles usually have longer necks than the plastic bottles, which could provide more space for the tag.
Besides the existence of the liquid, other factors, including installation position, amount and type of liquid, shape and thickness of bottle, also have great influence on the performance of the tag. In this section, different tagging positions, different amount and type of liquid as well as different shape and thickness of bottle will be simulated and investigated in order to find out the influence of these factors on the performances of the tag. In this way, we can figure out the applicability of the proposed tag in various practical scenarios.
A. INSTALLATION POSITION
To install the tag on a target glass bottle, the tag can be wrapped around the neck or the body of the bottle. The wine bottle based on real models are shown in Fig. 9 (magenta red represents wine), together with the detailed geometries. The amount of wine remains the same for both installation positions. The wine is estimated to have a relative permittivity of 72, a loss factor of 24.5 and a bulk conductivity of 0.2 S/m [21] . Fig. 10 compares the simulated PRCs and radiation patterns of the conformal tag when it is attached on body and on neck of the bottle, respectively. Compared with the flat loop, the center frequency goes higher, but the two antennas still operate well in the FCC band. The realized gain of the on-neck tag is 0.5 dB less than that of the on-body tag. In another perspective, the omnidirectional radiation of the on-neck tag is quite desirable for the identification process in practice.
In our work, we choose to adopt the on-neck installation due to the following reasons. Firstly, the physical distance between the on-neck tags is larger than that of the on-body tags, so that the on-neck tag is less influenced by the liquid in the adjacent bottles in multi-bottle detection scenarios. Secondly, the omnidirectional radiation enables the on-neck tag orientation-insensitive in the horizontal plane, which increases the identification possibility. Moreover, from practical perspective, the on-neck tag will not cover the original label of the bottle, and there is no need to redesign the bottle packaging. This will also reduce the cost.
B. LIQUID LEVEL
Practically, the performance of the tag on various amounts of liquid is required to be robust. The proposed on-neck tag with three typical wine levels is analyzed in this sub-section. leads to a slightly lower working frequency and realized gain. As the realized gain only changes from −3.4 dBi to −4.6 dBi, the reading range changes slightly, indicating a robust tag.
C. LIQUID KINDS
The performance of the proposed tag with several common liquid products is analyzed in this sub-section. The types of liquid include sake, wine, vinegar, orange juice, sauce and oil, with their material properties estimated from [21] - [26] and shown in Table 1 . Note that the properties of the liquid can deviate from the values in the table depending on the ingredients, concentrations and many other factors. The tag is installed on the neck of the bottle and the liquid level remains at Lv3, as shown in Fig. 13 . Fig. 14 shows the simulation results of PRCs and radiation patterns for tags with six types of liquid. It can be seen that tags on bottles of sake, wine, vinegar and orange juice have very close performances in both working frequency and radiation pattern since these four types of liquid have similar material properties. For soy sauce, it has a smaller dielectric constant and a much higher loss factor. The smaller dielectric constant will lead the working frequency to shift to higher frequency. The higher loss factor has a negative effect on the radiation pattern, especially on the backward gain, due to the strong absorption of sauce. But the changes caused by sauce content is still minor and acceptable. The deviation of forward and backward realized gains is only about 1 dB, and the tag on bottle of sauce still operates well with only 10 MHz variation in the center frequency and 0.5 dB variation in maximum realized gain compared to the tag attached on the bottle of sake. As for the tag on bottle of oil, it has a larger realized gain of −2.2 dBi since oil has a quite small dielectric constant and loss factor and shows less absorption of radiation. Moreover, the radiation patterns of tags on the six kinds of liquid remain omnidirectional in the horizontal plane. In general, the tag is robust on different liquid types.
D. BOTTLE SHAPES
There are many shapes of glass bottles on the market. Most of the bottle necks are cylinder-shaped or truncated coneshaped, and regular polyhedron-shaped necks can also be seen sometimes. The effect of different shapes of bottle on the performance of the proposed tag is analyzed in this subsection, as shown in Fig. 15 , the liquid in these three bottles is wine and the liquid level remains at Lv3 for all these three bottles. It is noticeable that when the tag is attached on a truncated cone-shaped or hexagonal prism-shaped bottle neck, there is interspace between the tag and the bottle neck due to the material structural property of the substrate silicon rubber. The substrate remains as a cylinder ring on all three bottle necks and the radius of the cylinder ring remains the same. The interspace between the tag and the bottle neck leads to higher working frequency, the variation is only about 10 MHz and the tag is still workable in FCC band when attached on truncated cone-shaped or hexagonal prism-shaped bottle neck. The realized gain remains stable with a maximum deviation of 1 dB, and the change in radiation pattern of the tag on the hexagonal prism-shaped bottle neck is caused by small elevation of its radiation direction. These results confirm the robustness of the proposed tag on different shaped bottle necks.
E. GLASS THICKNESS
The effect of thicknesses of glass bottles on the performance of the proposed tag is also an important issue. According to the market survey, the thicknesses of glass bottles for liquid products are usually between 2 to 3 mm. In this simulation, the thicknesses of the bottles are set as 2 mm and 3 mm, and the liquid in bottles is wine, the liquid levels of these two bottles remain at Lv3. 17 presents the simulated PRCs and radiation patterns of the tags attached on bottles with glass thickness of 2 mm and 3 mm. The working frequency of the tag is very sensitive to the glass thickness of bottle. When the thickness increases from 2 mm to 3 mm, the center of the working frequency shifts 12 MHz to higher frequency. Since the variation of thickness is small, the shift of the working frequency is still acceptable. The change in radiation pattern is very minor, as the total radiation increases with the thickness, which helps to offset the negative effects of the frequency deviation on the realized gain. These results indicate the robustness of the proposed tag with common glass thicknesses of bottles.
In summary, the robustness of the proposed tag is validated in this section. It can be seen from the results of all the simulations that with different amounts and types of liquid, as well as different shapes and thicknesses of bottles, the proposed tag remains workable in the FCC band and the radiation patterns remain omnidirectional with stable realized gains. It demonstrates the wide applicability of the proposed tag in various practical scenarios, which enables the tag feasible for glass bottle labelling in self-service stores.
IV. EXPERIMENTS AND DISCUSSIONS
The proposed tag was fabricated in a roll to roll (R2R) process [27] . The semi-finished sample after this process was VOLUME 6, 2018 shown in Fig. 18(a) . The sample was then wrapped around a 3mm-thick silicon rubber, with the seam on the bottom of the rubber connected by a conductive tape. The cost of the finished tag, as in Fig. 18(b) , is only a little higher than regular commercial tags. A finished prototype attached on the bottle neck is shown in Fig. 18(c) . The reading ranges of the proposed tag with different liquid levels and liquid types were measured in the outdoor scenario (see Fig. 19 ), which is more practical than the anechoic chamber environment. The output power from the reader (Psion workabout Pro3) is 500 mW and the antenna gain of the transmitting antenna is 3 dBi. The measurement was carried out in the FCC band. During the experiment, the bottle with the tag is placed on an empty box with a foam cover, which is supported by a tripod. The handheld reader is kept at the same height with the tag.
The six liquid products under test are shown in Fig. 20 . To make the measurement results distinguishable, the codes of the tags were rewritten with different initial numbers for different products. Sake, wine, vinegar, orange juice, soy sauce, oil correspond to initials 1 -6, respectively. The measured maximum reading ranges of the tags with different liquid levels and liquid types are listed in Table 2 . It is noticeable that the material properties of the silicon rubber and the liquids vary with temperature, frequency, ingredients, concentrations and many other factors, and there exists installation error and structure deformation during the experiment. All these uncertain factors have effect on the reading ranges in practical use.
To provide an intuitive comparison with other state-ofthe-art tags, the measured reading ranges of the designs in reference [9] - [13] are converted to the case with 1 W EIRP just as in our measurement. The corresponding results are also represented in Table 2 . The reading ranges of the proposed tag are much further than most tags for bottle labelling, such as the tags in [9] , [10] , and [12] . As for the on-neck tag in [11] , the wine level is below the tag in their measurements and the glass bottle (5 mm) is thicker than that that in our design (2 mm). If the wine level goes above the tag or the thickness of the glass bottle is thinner, the gain degradation will be significant. The performance of the in-cork tags in [13] is stable and desirable, but it need to be packaged in a specialized cork stopper, making it difficult to install and costly.
In general, the proposed tag is competitive in perspective of its low-profile, compact size, easy installation, reusability, low cost, satisfactory performances and especially robustness for different liquid products.
V. CONCLUSION
This paper proposed a versatile flexible UHF RFID tag for glass bottles labelling. The tag antenna is based on a simple loop structure, which is less affected by liquid compared with conventional dipole-based RFID tags. The tag is compact and flexible, and it maintains stable operating band and reading ranges for different amount and type of liquid, as well as different shape and thickness of the bottle. Its features of lowprofile, compact size, easy installation, reusability, low cost, satisfactory and robust performances make the tag feasible for almost all kinds of liquid products with glass bottles in self-service stores. 
